ABSTRACT This paper experimentally demonstrates the feasibility of improving the sensing performance of fiber Bragg grating (FBG)-based point sensors by deploying two pulse coding techniques, simplex coding (SSC), and Golay complementary codes (GCC). The two techniques are separately combined with the conventional time-domain multiplexed FBG (TDM-FBG) interrogation sensor, and their results are compared with respect to the conventional single pulse interrogation technique. Consistently with the theory, for both the coding techniques, we have confirmed that the signal-to-noise ratio improved proportionally to the code length. In details, for both the techniques, the signal-to-noise improvement ratio of two FBGs located after around 16.35 km of fiber has significantly increased up to about 6 dB. Furthermore, the decoded signals from both techniques conserve their original spatial properties, confirming the successfulness of Hadamard transform and Golay auto-correlation calculations. Our experimental analysis confirms the simplex codes with their significant noise reduction ability, which is translated into well formed and accurate mean amplitude calculations. Moreover, the analysis of TDM-FBG-based GCCs have confirmed the unique properties of the auto-correlation process to increase the FBG signals up to around 128 times compared with the single pulse case.
I. INTRODUCTION
Optical fiber sensors (OFS) have been deployed widely for a variety of physical measurands such as temperature, strain, pressure, and vibration [1] - [3] . In the field of distributed sensing, where a dense distribution is needed to sense at a specific location, fiber Bragg grating (FBG) sensors considered as an effective sensing element [4] , [5] . Their simplicity in multiplexing and embedding capabilities, lightweight, immunity to the electromagnetic distortions and ease of installation, making them a suitable choice in wide range of deployments including structural health monitoring, pipeline leakage detection, and building security systems [4] - [8] . Time domain multiplexing (TDM) and wave division multiplexing (WDM) have been the common FBG multiplexing techniques reported recently [8] .
In WDM system, the network capacity is limited by the ratio of optical source spectral width over the dynamic range of FBG sensor. Thus, the number of FBG sensors that can be employed in WDM is restricted to few tens only [8] . On the other hand, TDM systems can multiplex few hundreds to a thousand sensing points if the cross-talk levels between the adjacent sensors are carefully determined [9] , [10] . However, traditional TDM-FBG systems with large-scale deployments still suffer from low signal-to-noise ratio (SNR), limited measurement range and distance. Improving the SNR of the FBG signals is possible by increasing the input power or the pulse duration of the pulsed light injected into the sensing area. Nonetheless, excessively high power will severely degrade the overall system performance due to nonlinear scatterings such as Raman and Brillouin, while increasing the pulse duration reduces the spatial resolution and the multiplexing ability [7] - [11] . Conventional SNR improvement methods such as accumulative averages would reduce the measurement speed [16] , [19] .
In this context, pulse compression technique is found to be an effective method to improve the SNR without increasing the input power or impairing the system spatial characteristics. In addition, the technique improves the trade-off between the pulsed light duration and the distance between adjacent sensing points. The technique provides the interrogation light with sufficient energy by encoding it over wide sequences consist of multiple narrow pulses [11] , [15] . During the decoding process, the received wide signal is compressed to narrow pulse according to the decoding algorithm. There is a considerable amount of literature reports on the enhancement of distributed optical fiber (DOF) sensors by employing compressed sequences such as Golay complementary codes (GCC), dual GCCs, Walsh, simplex and combined Walsh/GCC codes [11] - [15] .
However, as the abovementioned works mainly focus on the DOF field, little attention has been paid to apply the variety of pulse compression technique to quasi-distributed sensors such as TDM-FBG sensors. Although the deployment of cyclic S-codes and GCC in TDM-FBGs have been reported recently, the literature of those two common techniques still has not been well grounded [11] , [15] . In addition to the absence of the experimental validation of Golay coded TDM-FBGs, there is still a need to provide a comparative study that illustrates the strength and weakness of both GCC and the standard simplex code (SSC).
Therefore, in this paper, we extensively investigated the performance of TDM-FBG sensor under two pulse coding techniques, SSC and GCC. The performance parameters of the two techniques were compared with the conventional single pulse interrogation technique. From the experimental analysis, conventionally interrogating two identical low reflectivity FBG sensors spliced at the end of about 16.35 km single-mode fiber (SMF) has resulted the poorest FBG signals in terms of SNR, signal strength and the pulse shape. Under the same condition, the deployment of SSC and GCC up to 63 and 64 bits respectively, have significantly improved the SNR of the two FBG signals up to about 6 dB. Consistently with the theory, the decoding of the FBG pulses by both techniques has confirmed correct Hadamard transform and Golay autocorrelation calculations. Moreover, their SNR has improved proportionally with the codelength without impacting the system spatial properties. The results confirmed the GCC deployment capabilities to provide the decoded FBG signals with the amplitude increment that guarantees better FBG bandwidth utilization at short processing time.
On the other hand, simplex coded FBG signals confirmed better pulse shapes and well-formed edges compared to the GCC deployment but with longer processing time and more complex approach. In our previous works, we have successfully demonstrated for the first time, the simulations of designing and implementing Golay coded TDM-FBG technique [15] . To the best of our knowledge, the experimental demonstration of Golay coded TDM-FBG has never been explored.
II. FUNDAMENTALS OF PULSE COMPRESSED TDM-FBGs
FBG sensors are known as a promising high sensitivity sensing element. FBG uses the Bragg wavelength shift ( λ) induced by the physical effect applied to the sensor to indicate the measured quantity. The relationship between the wavelength shift induced by the temperature or the strain effect can be expressed as:
Where α and β are the fiber thermal expansion and the thermo-optic coefficients respectively, pe is the fiber material photo-elastic coefficient. T and ε are the temperature and the strain applied to the FBG [1] - [3] .
A. CONVENTIONAL SINGLE PULSE TDM-FBG SENSING ARRAY Figure 1 schematically illustrates the standard TDM-FBG sensing array. A continuous wave (CW) laser with an extremely narrow line width intensity modulated over a single pulse with sufficient width and energy. The pulsed light is used to interrogate a set of identical broadband and low reflectivity FBGs planted on the locations to be monitored [8] - [11] , [15] . Since the FBGs have low reflectivity and serially connected, the pulse continuously flows from each FBG to the next. The multiple reflected FBG signals are channeled to the receiver section via port 3 of the circulator, where they are being distinguishable based on their time of arrivals. Since the reflectivity profile of each FBG is shifted linearly with respect to the physical effect applied, the result of any changes made to the FBGs will appear as an amplitude variation on the time domain traces of their reflected pulses [11] , [15] .
B. SIMPLEX CODED TDM-FBG SENSING ARRAY
In this method, the key technique to improve the SNR system is to modulate the interrogation light over a series of pulses encoded corresponding to S-matrix. S-matrix is a unipolar matrix of ones and zeros, the rows of this matrix are called simplex codes. S-matrix of the length M codes can be derived by omitting the rows and column of the bipolar Hadamard matrix of M +1 size and replace each -1 by 1. The calculations include the use of simplex codes or Hadamard matrix, which are defined as Hadamard transform. Figure 2 illustrates the physical realization of the coded TDM-FBG equivalent to order 3 of S-matrix. At the encoding section, the total number of three traces are injected to the sensing area one by one, their responses are directed to the receiver section via port 3 of the circulator and arranged in M = 3 sized matrix. At the decoding section, to recover the original traces, the matrix contained of the reflected FBG signals are then multiplied by the inverse of bipolar Hadamard matrix [16] , [17] .
The outcomes of this process are aligned and shifted with respect to the first time domain trace and averaged. The final trace of this process exhibits the exact spatial properties of the original single pulse signal. To quantify the signal-to-noise improvement ratio (SNIR), the SNR of the decoded trace should be compared to the one obtained by the trace averaged conventionally 3 times, as in (2):
Assuming the system with zero mean uncorrelated noise of σ 2 variance, then the noise reduction provided by 3 bits SSC equals to σ 2 /4. Since the noise reduction provided by conventionally averaging three identical single pulse time domain traces is σ 2 /3, then the SNIR by deploying 3 bits SSC can be obtained by comparing the two quantities, as follows:
In general, the SNIR of M bits SSC can be defined as [16] , [17] :
Golay code is a binary pair of codes A and B with same code length L, with their auto-correlation functions having the same main lobe sign and amplitude, and opposite side lobes signs. Summation of both autocorrelations gives the perfect autocorrelation function i.e., doubled amplitude of main lobe with cancelled side lobes. Mathematically, the concept of GCC autocorrelation calculations can be expressed as follows [12] , [13] , [15] :
where;
and: [15] , [18] , [19] . However, it should be noted that Golay pairs are originally bipolar codes. To achieve Golay coded TDM-FBG based on direct detection, the unipolar form of GCC should be introduced. Figure 3 depicts the concept of encoding VOLUME 6, 2018 standard TDM-FBG with 4 bits unipolar GCC [19] , [20] . In the encoding section, the bipolar Golay pair is reformed into four unipolar codes by introducing the unipolar form of each pair followed by its ones complement as in {(A u , A c ); (B u , B c )}. The four unipolar codes are injected to the sensing area one by one and each of their responses is acquired and stored. At the decoding section, the signal response of Au is subtracted from Ac and that of Bu from Bc. The resulted codes are then correlated with their corresponding bipolar GCC and finally summed up to give the final measurement signal [19] .
Extending GCC length to the next one builds up the decoded signal amplitude proportionally to L, at the same time the noise grows on root mean square values of L. Hence, the SNIR of the system can be expressed as:
Since the deployment of unipolar GCC requires four traces, SNIR values equal to half of that obtained by the bipolar case, as follows:
In comparison with the 4 bits GCC case, the maximum value of 6.05 dB SNIR can be obtained when deploying 64 bits unipolar GCCs, as in SNIR = (10Log16/ √ 16) [18] - [20] . Figure 4 shows the experimental setup of TDM-FBG sensor employing SSC and GCC. A narrow CW laser source with 1548.62nm center wavelength and 8 dBm power was connected to an intensity modulator of Mach-Zehnder (MZM) type. The modulator was driven by an arbitrary wave generator (AWG) of 10 ns width NRZ pulses at 1 Gs/s sampling rate. The AWG transmission setting was based on the application on duty, whether generating the conventional single pulse or stream of coded sequences. The modulated pulses were then amplified by an Erbium-doped optical amplifier (EDFA) and launched to the sensing area via the port 2 of the optical circulator. The sensing area consisted of two identical FBGs were spliced to the end of around 16.35 km SMF spool. The two FBGs were spatially separated by around 5 m. Their bandwidth, reflectivity and center wavelength were 2.5 nm, 2.5 % and 1550.2 nm respectively. The FBG signals reflected back from the sensing area were routed to the receiver section via port 3 of the circulator. The receiver section consisted of high-speed photo-detector and digital signal processing unit for data acquisitions and analysis. The experiment was carried out at the room temperature, while the measurement condition such as the input power remained constant during the entire experiment. The conventional single pulse interrogation session was carried out first, followed by the SSC and then GCC. It should be noted that the spatial characteristics of the decoded pulses during the deployments of SSC and GCC were compared to those obtained by the conventional single pulse technique.
III. EXPERIMENTAL SETUP

IV. RESULTS
This section illustrates the impact of the interrogation technique to the performance parameters of TDM-FBG sensor such as decoded signal shape, noise behavior and SNR. The impact of deploying the conventional single pulse technique is presented separately in the first section, followed by that of SSC and GCC.
A. DEPLOYMENT OF CONVENTIONAL TDM-FBG TECHNIQUE Figure 5 shows the FBG signals measured by the conventional single pulse technique. To detect the FBG locations and spatial properties, the single shot time domain trace acquired by the oscilloscope was translated into a distance scale by using the approximation factor of 10 ns = 1 m. Figure 5 depicts the distorted pulses with large noise background and low SNR for both FBG signals. These drawbacks limit the large scale of TDM-FBG deployments and have led the researchers to carry out pulse coding techniques to provide better overall performance. 
B. CODED TDM-FBG SENSING ARRAY
In this section, the effect of increasing the code lengths on the FBG signals was analyzed. For the sake of fair comparison, the total numbers of five code iterations were conducted corresponding to each technique. The setup firstly interrogated by the deployment of 3, 7, 15, 31 and 63 bits of SSC, followed by the GCC of code lengths 4, 8, 16, 32 and 64 bits.
1) EFFECT OF THE CODE LENGTH TO THE FBG SIGNAL RESPONSE
In this section, we analyzed the effect of multiple code lengths of SSC and GCC to the FBG signal shape, amplitude and spatial characteristics. Figures 6(a) and (b) compare the FBG signal response to the deployment of 3, 7, 15, 31 and 63 bits of SSC, and of 4, 8, 16, 32 and 64 of GCC respectively. As observed from Figs. 6, for both SSC and GCC techniques, the FBG pulses decoded at all code lengths conserve the spatial properties of the original single pulse presented in Fig. 5 , indicating the successful Hadamard transform and Golay auto-correlation procedure without impairing the location accuracy of the FBGs. In the case of SSC deployment, as depicted in Fig. 6(a) , both of the pulse shape and the noise background have been gradually improved with every increase in the code-length, reaching their best at 63 bits; this indicates better measurement accuracy, precision, and high SNR. It is worth to mention that, for any code length, SSC deployment did not increase the FBG signals amplitudes due to the averaging during the decoding. However, it should be noted that at the same time, the random noise has also reduced significantly. On the other hand, the deployment of GCC illustrates a completely different case. The amplitude of the decoded FBG signals increased linearly with the code length L; this theoretically agrees with that explained in Section II. Figure 6(b) illustrates the proportional increase of the FBG signals amplitudes with respect to the application of 4, 8, 16, 32 and 64 bits of GCC. The signal strength at this point is 128 times higher than the single pulse and SSC case.
2) EFFECT OF THE CODE LENGTH TO THE SYSTEM NOISE AMPLITUDE
In this section, the impact of increasing the code length to the system noise was numerically analyzed. The noise amplitude for both techniques was quantified by the standard deviation along 318100 points of data on the time domain trace of each decoded pulse. Figure 7 (a) illustrates the system noise as a function of SSC code lengths. Considering the single pulse case as a reference, the deployment of SSC with M bits length has reduced the noise with 2/(M + 1) factor. The measured data continues decreasing linearly with the increase in code length, reaching its optimum at the 63 bits case. In an excellent agreement with the theory, the system noise at this point has improved by 31.5 times compared to that of conventional single pulse technique.
However, the system noise behaves differently during the deployment of GCC codes. In fact, the system noise does increase with respect to the extending of GCC code lengths applied. As mentioned in section II(C), during the autocorrelations of GCC, the attended uncorrelated Gaussian distributed noise grows on mean square roots. Figure 7(b) illustrates the noise growth as a function of the code length.
In line with the theory, our experimental analysis shows that the noise builds up by the factor of √ 2 with respect to each step up than 4 bits length. Further analysis regarding the noise contribution to the SNR of the FBG signals for both techniques is discussed in the next section.
3) EFFECT OF THE CODE LENGTH TO THE SNR
In this section, we investigated the SNIR contributed from the deployment of the two coding techniques. The SNR of the decoded pulses was calculated by dividing the mean amplitude with the standard deviation of the random noise.
In the case of SSC, the SNR for each decoded signal at M bits was compared to the SNR associated to the conventional single pulse measurement averaged M times. Fig. 8(a) illustrates the SNIR curve as a function of code length up to M = 63 bit. The theoretical curve was plotted with respect to (4). The curve illustrates consistent results with the theory for both FBGs up to M = 31 bit. When M = 63 bits, due to some acquisition error during retrieving the experimental data needed for averaging, the SNIR values were higher than the theoretical.
In the case of GCC, the SNR associated to each code length was divided by that of SNR of 4 bits case and plotted as a function of the code length. Further analysis and insights can be illustrated on the light of (9) . Considering the 4 bits case as reference, each step toward the next code provides the FBG signals with a peak increment of the factor 2. Meanwhile, the noise builds up by the factor of √ 2. In other words, the system SNR increases with the value of about 1.5 dB with respect to the previous value. Accordingly, the results illustrated in Figure 8 (b) verifies this criterion where we can see the SNIR for both sensors start from 0 dB at 4 bits case, increases by around 1.5 dB with respect to each increase in the code-length, reaching its maximum of nearly 6 dB at 64 bits.
V. DISCUSSION
The previous section has clearly explained the performance of simplex and Golay coded TDM-FBG sensors over the conventional single pulse technique. The two pulse coding techniques showed similar performance in the context of conserving the original spatial properties of the system. At all code lengths applied to both techniques, FBG pulses found to be identical to the original single pulse case, with slight advantages of the SSC deployment regarding the pulse shaping. The results also characterized the SSC by their denoising abilities, and the GCCs by their higher signal amplitude and extracting small signals amplitudes out of high noise background. Compared to the conventional single pulse case, the noise amplitude of the FBG pulses decoded over the 63 bits of SSC has been reduced by 31.5 times. In terms of signal amplitude, the peak amplitude of the FBG pulses decoded over the 64 bits of GCC has been amplified by 127.4 times. This context well explains the SNIR similarity between the two techniques although their noise and peak amplitudes behave differently. The high noise reduction provided to the system by the deployment of SSC guarantees the FBG signals with high SNR despite their weak amplitudes. Consecutively, the large peak FBG signals decoded over the GCC gains high SNR despite their high noise.
The final feature to be listed in this comparison is the processing time and the ease of use. For instance, achieving the SNIR value of 6 dB is possible whether by the deployment of 63 bits SSC or 64 bits GCC. However, it takes the SSC to launch and retrieve the total number of 63 times domain traces to achieve the targeted SNIR and doubling this number to achieve higher values. In contrast, it takes the GCC deployment 4 traces contains on all the 64 bits needed to achieve the same value of the targeted SNIR.
VI. CONCLUSIONS
In this work, the experimental deployment of two pulse coding techniques, standard simplex-(SSC) and Golay complementary codes (GCC) in the TDM-FBG sensor along a 16.35 km of fiber was successfully demonstrated. The interrogation scheme of SSC and GCC were individually analyzed and compared with that of conventional single pulse technique. We have confirmed that the deployment of simplexand Golay codes in TDM-FBG sensor could improve the overall system performance without impairing the system spatial resolution. For all code lengths applied to both techniques, FBG decoded pulses found to be spatially identical to the conventional single pulse technique, with uniform raising and falling edges, confirming the correctness of Hadamard transform and Golay autocorrelation calculations.
Furthermore, we extensively studied the noise behavior and the amplitude of the decoded pulses for both coding techniques. The analysis confirmed that the SSC deployment resulted in well-formed pulses and excellent background noise, while the GCC deployment produced large amplitude of FBG signal. In an excellent agreement with the theory, the improvement of the performance parameters with the code length has also been confirmed. In details, compared to the conventional single pulse case, FBG pulses decoded at the codelengths of 63 bits SSC have shown lower noise by 31.5 times, while the 64 bits GCC have shown higher amplitude by 127.4 times. Despite the difference in the signal amplitude and noise behaviors, similar SNIR results have been obtained for both coding techniques. In the case of SSC, even though the signal amplitude did not increase with the code length, the decrease in the random noise due to longer code length has contributed to the SNR improvement. As for the GCC, the increase in signal amplitude due to longer code length has resulted in improved SNR, despite the simultaneous increase in the noise. 
